In a cartoon, we often receive an animacy impression from a dynamic nonanimate object, such as a sponge or a flour sack, which does not have an animal-like shape. We hypothesize that the animacy impression of a nonanimal object could stem from dynamic patterns that are possibly fundamental for biological motion perception. Here we show that observers recognize the animacy of human jump actions from the combination of deformation and translation. We extracted vertical motion vectors from the uppermost and lowermost points in point-light jumper stimuli and assigned the vectors to a uniform rectangle. The participants' task was to rate the animacy and jump impressions for the rectangle. Results showed that both animacy and jump impressions for the rectangle movements were comparable to those for the original point-light movements. The impressions decreased for stimuli having a deformation or translation component alone, which was extracted from the original motion vectors. By mathematically simulating deformation and translation in a human jump, we also found that the temporal relation between deformation and translation plays a critical role in the determination of jump impressions but only has a moderate effect for animacy impressions. On the basis of the results, we discuss how cartoon techniques take advantage of the properties of biological motion perception.
Introduction
An animator deftly gives an animacy impression to nonanimate objects in a cartoon. As a classical exercise, beginner animators often try to give such animacy impressions as dejection, joy, curiosity, and laughter to a flour sack (Thomas, 1995) .
A critical point of interest is that such nonanimate objects with an animacy impression do not always have an animal-like shape and spatial structure. Namely, an object, such as a flour sack, is seen as alive even when the sack lacks an animal-like body structure. Many previous studies on biological motion perception have argued that the perception of the shape and spatial structure of animals' appearances plays a key role in perceiving biological motion (Beintema & Lappe, 2002; Lange & Lappe, 2006; Lu, 2010; Thurman & Lu, 2014) . It is thus possible that the animacy impression of nonanimate objects in a cartoon stems from sources of visual signals other than an animal-like shape.
Deformation is one promising source of visual signals that contributes to the animacy impression of nonanimate objects in a cartoon. In the flour sack exercise described earlier, the sack is given various kinds of dynamic deformation such as squashing, stretching, and twisting (Thomas, 1995) . Although some previous studies have reported the role of image motion signals in biological motion perception (Blake & Shiffrar, 2007; Burr, Ross, & Morrone, 1986 , Chang & Troje, 2008 Giese & Poggio, 2003 , Troje, 2002 , Troje & Westhoff, 2006 , it has not been well documented which visual information in dynamic deformation determines the perception of animacy and biological activities.
Previous studies have suggested that dynamic deformation can elicit an animacy impression. There is a long history of research that demonstrates animacy from nonanimate objects whose static appearances are far from animal (Scholl & Tremoulet, 2000 give an excellent review). Heider and Simmel (1944) created a display in which several geometrical figures (a large triangle, a small triangle, and a small circle) move around a large rectangle. A representative dynamic pattern of the figures' movements is as if the large triangle chases the small triangle and the small circle. Viewing such a display, the observers tend to have animacy impressions for the figures. Michotte (1963) reported that when a square elongates and contracts rhythmically while translating in space, an observer sees an animal-like impression for the square. The stimulus is called a Caterpillar stimulus. By using Caterpillar stimuli, Schlottmann and Surian (1999) showed that 9-month-old infants habituated to a visual event wherein the Caterpillar stimulus moved toward a target. When a temporal relation between the Caterpillar stimulus and the onset of a target motion was manipulated, infants habituated selectively to the conditions wherein the target started moving before and after the Caterpillar stimulus stopped, respectively. Schlottmann and Surian indicated that this evidence suggested that infants are sensitive to a causation-at-adistance. Later studies have shown that 6-month-old infants as well as children aged 3 to 7 years old also recognized the causation-at-a-distance on the basis of a relation between the Caterpillar stimulus and its target (Schlottmann, Cole, Watts, & White, 2013; Schlottmann, & Ray, 2010) . The Caterpillar stimulus contains both deformation and translation components. On the other hand, it has remained unclear what visual information in stimuli like the Caterpillar stimulus could be used as a cue to an animacy impression.
The present study examined how visual information in the movement of nonanimate objects could contribute to the animacy and jump impressions. Among a variety of biological motions to choose from, we focused on a human jump action as the target because a human jump action is considered one of the common repertoires of human actions. In addition, a human jump action consists of a combination of deformation and translation that are mathematically separable from each other (Blickhan, 1989) . As such, jump actions are likely useful to clarify the visual information that is necessary for an animacy impression. From traditional point-light stimuli (Johansson, 1973) , we extracted the one-dimensional vertical motion vectors of the uppermost and lowermost point lights and assigned the motion vectors to the top and bottom side of a rectangle, respectively. We focused on not only jump impressions but also animacy impressions because a previous study has shown a tight relationship between animacy impressions and biological motion perceptibility (Chang & Troje, 2008; Schultz, & Bu¨lthoff, 2013) . As a result, we found that the deforming rectangle could produce both animacy and jump impressions that were statistically comparable to the traditional point-light stimuli. Moreover, in accordance with the previous approach, in which biological motion signals were decomposed into translation and articulated motion (Masselink & Lappe, 2015) , we decomposed the movement pattern of the rectangle into elementary components (pure deformation and pure translation) and tried to identify whether each of the components alone could also produce a strong impression of animacy and jump.
In Experiments 1 and 2, we tested whether the animacy and jump impressions of the pointlight jumper could be explained by its deformation and translation components and their combination. In Experiment 3, we examined how the relative timing between deformation and translation affects the animacy and jump impressions.
Experiment 1 Method
Observers. Ten naı¨ve observers participated in this experiment. All observers in this study were unaware of the specific purpose of the experiments. They reported having normal or corrected-to-normal visual acuity. Participants were paid for their participation. Ethical approval for this study was obtained from the ethical committee at Nippon Telegraph and Telephone Corporation (NTT Communication Science Laboratories Ethical Committee). The experiments were conducted according to the principles laid down in the Helsinki Declaration. Written informed consent was obtained from all participants.
Apparatus. Stimuli were presented on a 21-in. CRT monitor (GDM-F500R, Sony) with a resolution of 1024 Â 768 pixels and a refresh rate of 60 Hz. The luminance emitted from the monitor was linearized in a range from 0 to 132 cd/m 2 using a photometer (OP200-E, Cambridge Research Systems). A computer (Windows 7 32-bit OS) controlled stimulus presentation and data collection using PsychoPy v1.83 (Peirce, 2007 (Peirce, , 2009 ).
Stimuli. Conventional point-light jumper stimuli were created, and from the stimuli, we tried to extract one-dimensional vertical motion patterns that were related to deformation and translation of an overall jumper figure. To create the point-light jumper stimuli, CarnegieMellon Graphics Lab Motion Capture Database (http://mocap.cs.cmu.edu/) was utilized. As shown in Figure 1 (a), the camera position was set to capture the whole body of each jumper and locate the initial body center of the jumper at the center of an image region in stimuli (Supplementary Video 1). In total, 6-point-light stimuli were captured, each of which was derived from each of the six jumper IDs in the database: 02_04, 13_39, 16_1, 49_02, 118_01, and 131_07. Mean values (standard deviation) for the width and height of the six jumpers in the stimulus videos were 74.26 (10.92) and 142.08 (13.80) pixels, respectively. The point-light jumper videos lasted for 1.507 s on average.
To extract the one-dimensional vertical motion patterns, a bounding box was added to a point-light jumper on each frame (Figure 1(b) ), and the magnitude of the vertical position shift for the upper and lower side of the bounding box (Figure 1(d) ) was calculated. The extracted motion vectors were assigned to the upper and lower sides of the rectangle with a neutral gray (66 cd/m 2 ) surface. The rectangle stimuli are referred to as box jumpers (Figure 1 (c), Supplementary Video 2). In this way, a set of box jumper stimuli was obtained that had the motion vectors of the uppermost and lowermost points of the point-light jumper. The width of the box jumpers was kept constant at 2.2 of visual angle because the point of interest was the vertical position shift of the upper and lower side of the bounding box. The mean height of the jumpers was 4.26 (with 0.41 of standard deviation). The jumpers and boxes were presented against a black background (0 cd/m 2 ). The stimulus movie for each condition lasted 1.51 s on average with a standard deviation of 0.56 s.
Also of interest is whether deformation or translation components for the motion patterns of the box jumper were sufficient to trigger the animacy and jump impressions comparably to the point-light jumpers and box jumpers. As shown in Figure 1 (d), from the beginning of a video, the upper side of the box jumper moved in the vertical direction, while the lower side of the rectangle did not move until the 20th frame. After 28 frames, again the upper side started to shift, while the lower side did not. The assumption was that the vertical position shifts of the upper side of the box jumper occurred due to the deflection of the body, which was caused by an applied force, and could thus be considered as deformation. The deformation components were obtained by subtracting the vertical position of the lower side from the upper side (see Figure 1 (e) and Supplementary Video 3, wherein the initial vertical position of the upper side is added to the calculation outcome). On the other hand, both the upper and lower sides caused a vertical position shift between the 20th and 28th frames. The assumption was that the shared position shift came from parabolic translation during an aerial phase in a jump. The vertical position shift of the lower side was considered to be the translation component that was shared with the upper side, because the shift came from pure parabolic translation, and it was expected that both the upper and lower sides would move by an identical amount (see the Method section of Experiment 2 for the rationale for this line of thought). Thus, the vertical position shift of the lower side of the box jumper was considered to be the translation component. A reversed condition was also tested (Supplementary Video 4 and Video 5), in which the motion vectors of the deformation components were reversed. The visual system was tested under this condition to see whether it could utilize the proper combination of deformation and translation.
Procedure
The experiments were conducted in a dimly lit room. Each observer was tested individually and was asked to view the stimuli at 70 cm from the CRT monitor. Pressing the spacebar on the keyboard of the computer started each trial. After 500 ms, a stimulus video was presented. After the video had disappeared, observers were asked to rate the animacy and jump impressions on a 5-point scale, where ''5'' means a strong impression and ''1'' means no impression, with 4, 3, and 2 indicating an impression somewhere between strong and none. They reported their scores by pressing corresponding digit keys on the keyboard. Each pointlight jumper and its box jumper were repeatedly assessed eight times. Thus, each observer received two sessions of 240 trials consisting of 5 jumper conditions (point-light jumpers, box jumpers, deformation, translation, and reversed) Â 6 jumpers Â 8 repetitions. The impressions of animacy and jump were assessed in separate sessions. The order of the two sessions was randomized across the observers. It took approximately 20 min to complete each session.
Results and Discussion
Calculated mean rating scores of the animacy and jump impressions are shown in Figure 2 (a) and (b). To confirm the statistical significance of differences among all conditions, a one-way repeated measures analysis of variance (ANOVA) was separately conducted for the scores of the animacy and jump impressions. Figure 2 (a) shows the mean scores of the animacy impression for each of the conditions. The main effect of a one-way repeated ANOVA was significant, F(4, 36) ¼ 25.64, p < .0001, partial Z 2 ¼ 0.74. The box jumpers were expected to have lower impressions of animacy than the point-light jumpers because a large part of the detailed structure in the original point-light jumpers was lost in the box jumpers. Surprisingly, however, multiple comparison tests showed that the animacy impression was comparable between the point-light and box jumpers (p > .1). Another goal was to determine whether decomposed deformation and translation were sufficient cues to cause the impressions. The scores in the deformation and translation conditions were significantly different from those in the point-light jumper and box jumper conditions (p < .0001). The impressions between deformation and translation were not statistically different (p > .1). A final condition tested whether the inconsistency between deformation and translation had a detrimental effect on the animacy impressions (see Method section for the rationale for using this condition). When motion vectors were inconsistent between deformation and translation components, the score was significantly different from that for the point-light jumper and box jumper conditions (p < .0001).
The results showed that the observers perceived strong animacy impressions for the box jumpers with one-dimensional vertical motion patterns extracted from the point-light jumpers. Surprisingly, the strength of impressions was comparable between the point-light and box jumpers. Moreover, neither the deformation nor translation produced animacy impressions comparable to the box jumpers. The results indicate that human observers utilize the combination of deformation and translation to recognize animacy in a human-jump scene.
Figure 2(b) shows the mean scores of the jump impressions for each condition. The scores for the jump impression were analyzed in a similar way as for the animacy impression. In the one-way repeated measures ANOVA, the main effect was significant, F(4, 36) ¼ 52.068, p < .0001, partial Z 2 ¼ 0852. Multiple comparison tests showed that the impression results between the point-light and box jumpers were again not significantly different (p > .1). Moreover, the impression results between the box jumper and translation were not statistically different (p > .1). For other pairs, the scores were significantly different (at least p < .0001).
The results indicate that the observers reported a strong jump impression for box jumpers. On the other hand, the translation condition also produced a relatively strong impression of jumping. The results indicate that the parabolic translation might be a sufficient cue for observers to judge whether a human agent is jumping.
The results for the reversed condition may indicate the necessity of the appropriate combination between deformation and translation in forming animacy and jump impressions. The rating scores for this condition were significantly lower than the scores for the box jumper condition. Interestingly, the decrease in the scores was observed for both animacy and jump impressions. The results indicate that human observers evaluate the consistency of motion vectors between deformation and translation to determine the animacy and jump impression. Hence, this suggests, at least, that the observers exploited the consistency of deformation and translation to judge whether the movement was related to an animated entity or not and whether it came from a human jump. An important issue to address was whether the viewing experiences had possibly confounded the results. The observers viewed the point-light jumper stimuli as well as other stimuli during the same session. Because the point-light jumper stimuli had partly identical spatiotemporal profiles to the box jumper stimuli, it was possible that the observers might have been ready to imagine the point-light jumper when viewing the box-jumper. Due to the viewing experiences, the box jumpers might have been given higher rating scores of animacy and jump impressions than other stimuli conditions. To rule out the possibility, the next experiment was conducted in which the point-light jumper stimuli were eliminated from a stimulus list.
Experiment 2 Method
Observers. Ten naı¨ve observers, who did not participate in Experiment 1, participated in this experiment.
Apparatus. The apparatus was identical to that used in Experiment 1.
Stimuli. In this experiment, the point-light jumper condition as used in Experiment 1 was omitted. The other four conditions were tested: the box, translation, deformation, and reversed conditions. The properties of the stimuli were exactly identical to those used in Experiment 1.
Procedure. The procedure was also identical to that used in Experiment 1 except for the following. Each observer received two sessions of 192 trials consisting of 4 jumper conditions (box jumpers, deformation, translation, and reversed conditions) Â 6 jumpers Â 8 repetitions. The impressions of animacy and jump were assessed in separate sessions. The order of the two sessions was randomized across the observers. It took approximately 20 min to complete each session.
Results and Discussion
Calculated mean rating scores of animacy and jump impressions are shown in Figure 3 (a) and (b). To confirm the statistical significance of differences among all conditions, a one-way repeated measures ANOVA was again conducted separately for the scores of the animacy and jump impressions. Figure 3(a) shows the mean scores of the animacy impression for each of the conditions. The main effect of the stimulus conditions was significant, F(3, 27) ¼ 10.29, p < .0001, partial Z 2 ¼ 0.533. Multiple comparison tests showed that the rating scores in the box jumper condition were significantly higher than the other three conditions (at least p < .005). Figure 3(b) shows the mean scores of jump impressions for each condition. In the one-way repeated measures ANOVA, the main effect was significant, F(3, 27) ¼ 52.762, p < .0001, partial Z 2 ¼ 0854. Multiple comparison tests showed that each condition was significantly different from other conditions (p < .05).
The results indicate that the box jumper stimuli still caused stronger impressions of animacy and jump than the other stimulus conditions, even when the experience of viewing the point-light jumper stimuli was excluded. Thus, this suggests that the advantage of the box jumper condition over other conditions in determining animacy and jump impressions does not stem from the experience of viewing the point-light jumper stimuli.
Experiments 1 and 2 indicated that the appropriate combination of deformation and translation contributed to an animacy impression of human jump actions. The next experiment explores how relative timing between deformation and translation could modulate the animacy and jump impressions.
Experiment 3 Method
Observers. The 10 naı¨ve observers who had participated in Experiment 1 also participated in this experiment including a jump impression rating task. In addition, 8 of the 10 observers participated in this experiment including an animacy impression rating task. They were still unaware of the specific purpose of the experiment.
Stimuli. Using only the box jumper conditions, the temporal relation between the deformation and translation components was manipulated. The spring-mass model proposed by Blickhan (1989) was employed to simulate a human jump, and the vertical position shift due to deformation and translation was independently calculated. In a spring-mass system with a linear spring, a jump has two consecutive phases: a contact phase and an aerial phase. During the contact phase, a force is applied to a body, and a deflection occurs whose magnitude reaches the maximum degree at the temporal middle point of the contact phase. After the contact phase, the aerial phase starts, in which a body translates in a parabolic manner. Based on the description of the jump movement in a spring-mass system, it is assumed that the image information about a jump movement can be decomposed into the following two features: A deformation caused by the deflection of a body and a translation caused by a parabolic aerial movement. The vertical deflection y in the contact phase was calculated by using the following formula:
where _ ya is vertical velocity and t is time. In Formula (1),
where k is stiffness (30 Â 10 3 ) and m is mass (65 kg). The translation in the aerial phase was calculated by using the following simple formula:
where 0 is initial vertical velocity, and g is gravitational acceleration. From the calculations, we obtained the vertical position shift due to deformation, which lasted 0.132 s, and the vertical position shift due to translation, which lasted 0.264 s (Figure 4 ). As shown in Figure 4 (a), in a natural setting, the image deformation starts 0.132 s earlier than the onset of translation. Here, it is assumed that the vertical shifts of deformation occur at the upper side of the box jumpers, while the vertical shifts of translation occur at both the upper and lower sides. The relative temporal onset of the deformation relative to the translation was manipulated. In one side of the extreme condition (Figure 4(b) ), the deformation started 0.495 s earlier than the onset of the translation. On the other side of the extreme condition (Figure 4(c) ), the image deformation started 0.495 s after the temporal offset of translation. The period between these extreme relative onset conditions was subdivided into 39 levels. The width of the box jumper was kept constant at 2.2 . The initial height of the jumpers was kept constant at 4.26 .
Procedure
The procedure was identical to that used in Experiment 1, except that each condition was repeated six times, and each observer therefore performed 234 trials consisting of 39 relative onset conditions Â 6 repetitions. The observers again rated their animacy and jump impressions.
Results and Discussion
Calculated mean rating scores of animacy and jump impressions for each temporal onset are plotted in Figure 4 (d) and (e), respectively. Using the scores, a one-way repeated measures ANOVA was conducted with the relative onset condition as the within-subject factor. For the animacy impressions, the main effect was significant, F(38, 342) ¼ 5.695, p < .0001, partial Z 2 ¼ 0.448. For the jump impression, the main effect was also significant, F(38, 342) ¼ 11.984, p < .0001, partial Z 2 ¼ 0.57. For the animacy impression, the scores had a dull peak when the relative timing for the onset of deformation from the one of translation was À0.33 s. The results suggest that the animacy impression is moderately attuned to the relative timing between translation and onsets. On the other hand, the maximum score itself (3.625 on average) was not as high as the scores observed in the box jumper conditions of Experiment 1 (3.927) and Experiment 2 (4.08). The results indicate that the approximation of human jump action by using a spring-mass model may ignore some aspects of visual information that possibly enhance an animacy impression. For the jump impression, on the other hand, the scores had two peaks. The first peak appeared at relative onsets ranging from À0.2 to 0 s, which is consistent with the idea that human observers are sensitive to the relative temporal timing between deformation and translation for seeing a jump. The other peak was also observed when image deformation occurred at relative onsets ranging from 0.165 to 0.297 s, which were near the temporal offset of translation. As shown in Figure 1(d) , deflection due to an applied force occurs at both the temporal onset and offset of translation in the aerial period of a human jump. Thus, the visual system possibly takes advantage of knowledge about how a human body shape changes when the feet contact the ground after a jump, and it utilizes the knowledge to judge whether the movement in a scene comes from a human jump.
General Discussion
The present study showed that the box jumper elicited animacy and jump impressions comparable to those for the point-light jumper. The results indicate that human observers extract the combination of deformation and translation from the complex motion pattern of biological motion and exploit it to judge animacy and jumping. Moreover, we observed that the temporal consistency between deformation and translation was interpreted as a sign of human jumping. Thus, the temporal grouping between deformation and translation is possibly utilized by the visual system to judge jump impressions. On the other hand, the temporal consistency influenced animacy impressions only moderately. The results indicate that the perception of animacy from the combination of deformation and translation is possibly mediated by a mechanism that is different from, or partly shared by, the mechanism for the perception of the human jump itself.
The results also indicate that the visual system utilizes knowledge about biophysical changes in body structures to judge animacy and jump impressions. It is known that the human visual system utilizes knowledge about the anatomical possibility of human body movements in interpreting the direction of a two-frame apparent motion (Shiffrar & Freyd, 1990 , 1993 . That is, human observers tend to perceive motion paths that are plausible in terms of the anatomical movability of the arm around a joint. In a similar way, the results suggest that the visual system possesses some naı¨ve knowledge about the possible deformation and translation of the human body, which can be described by a springmass model as proposed by Blickhan (1989; see also Dickinson et al. [2000] for an excellent review for biophysical descriptions of animal motion). The system might use the naı¨ve knowledge when it tries to interpret what deformation and translation indicate in a scene.
The box jumper only used the combination of deformation and translation. Nevertheless, it was seen as a jumper with animacy, not as a nonanimate soft material such as a rubber box that bounces against a floor. Computationally, image motion is generally categorized into rigid and nonrigid motion, and nonrigid motion is further subdivided into articulated, elastic, and fluid motion (Aggarwal, Cai, Liao, & Sabata, 1994; Huang, 1990) . Both the box jumper and a rubber box have rigid motion (which may correspond to parabolic translation) and nonrigid elastic motion (which may correspond to deformation). Thus, both the box jumper and rubber box are categorized into the same class (Aggarwal et al., 1994; Huang, 1990 ). An important difference between the two is the presence or absence of the self-propulsion of their motion. The role of self-propulsion and self-generation of movements in animacy impressions has been well documented (Cicchino, Aslin, & Rakison, 2011; Dasser, Ulbaek, & Premack, 1989; Scholl & Tremoulet, 2000; Tremoulet & Feldman, 2000) . On the other hand, it is possible that self-propulsive motion is not a sufficient factor determining the animacy impression because we observed the low-animacy impressions in some conditions of our experiments (deformation, translation, and reversed conditions of Experiments 1 and 2). Thus, upon a given self-propulsive motion, the visual system might further analyze the pattern in deformation and translation and determine whether an object undergoing deformation and translation is alive or not.
On the basis of the results of the present study, we propose that an animacy impression of nonanimate objects in a cartoon comes from biological motion perception based on the deformation and translation of objects. Here, the patterns of deformation and translation were simplified for experimental purposes. On the other hand, previous animation literature suggests that more complex patterns of deformation such as squashing, stretching, and twisting could cause an animacy and emotional impression for a nonanimate thing such as a flour sack (Thomas, 1995) . By psychologically analyzing the effect of complex deformation patterns on the impressions and combining other biological features such as hands, eyes, and mouths, which can likely enhance animacy impressions, we might be able to establish a technique for editing the animacy impression of nonanimate objects without detailed computer graphics or physics simulations. One of the critical limitations of our study is that biological motion stimuli as used here were limited to human jump actions. It is necessary to check in future studies whether the present results can be extended to the biological motion of jump actions of other species.
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